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In this issue of Structure, Tsytlonok and colleagues describe the folding landscape of the giant HEAT-repeat
protein PR65/A (a molecular adaptor of protein phosphatase 2A) by using experimental and theoretical
methods. Both approaches agree in suggesting the presence of parallel folding pathways with several
intermediates.Repeat-domain proteins are present in
all species. They consist of tandem ar-
rays of small structural motifs of 30–40
amino acids. These motifs stack in a
roughly linear fashion, creating elongated
(and then one-dimensional) architectures,
with an extended solvent-accessible
surface and a continuous hydrophobic
core. The individual motifs are too small
to be independently folded, but stabilizing
contacts occurring between nearby resi-
dues, either within a repeat or in adjacent
repeats, stabilize the whole protein. Thus,
the proteins are held together by local
interactions without direct contacts be-
tween distant parts of the polypeptide
chain as seen in the globular folded pro-
teins. Among the tandem-repeat pro-
teins, ankyrin, tetraticopeptide, leucine
rich (LRR), armadillo repeats, and HEAT
(Hungtintin elongation factor 3, A subunit
of protein phosphatase 2A, PI3 kinase
target of rapamycin 1) are some of the
best studied.
Due to the absence of those global
interactions, the repeat proteins have
been used as models to provide hints
on the co-operativity and the folding of
proteins over the last several years (see
Javadi and Itzhaki, 2013 for a recent
review). Several common features have
emerged from these kinetic and equilib-
rium studies; in fact, as in the 1992 film
directed by Joel Schumacher and star-
ring Michael Douglas, Falling Down,
structural and conformational features of
repeat proteins are revealed when they
are jammed in their folding route, where
intermediates (the jam) appear to be
populated at large extent. First, repeat
proteins tend to have polarized folded
mechanisms; that is, in their transitionstate ensembles (TSEs), a particular re-
gion (usually, but not always, a region
close to one of the termini of the intact
proteins) appears to be folded, whereas
the rest of the polypeptide chain is
unfolded. Furthermore, theoretical (Ferre-
iro et al., 2005) and experimental (Javadi
and Itzhaki, 2013) findings suggest that
there is a minimal nucleus of two to three
repeats that is folded in the TSE, and it
defines the rate-determining step of the
folding reaction. Second, during unfold-
ing, segments appear to peel out from
the well-formed region along the folding
route (Tang et al., 2003; Lowe and Itzhaki,
2007; Courtemanche and Barrick, 2008;
DeVries et al., 2011). Third, folding routes
contain multiple pathways of similar en-
ergy because of the highly repetitive
structural features (Lowe and Itzhaki,
2007; Werbeck et al., 2008). This degen-
eration in the pathways allows redesign-
ing of the folding routes of the repeat
proteins, altering the folding ensemble at
any stage (not only in the TSE, but also
in the possible intermediates) by carefully
chosenmutations or deletions of some re-
peats; therefore, it is possible to conclude
that repeat proteins are highly malleable.
In this issue of Structure, Tsytlonok
et al. (2013) describe elegantly the folding
of the largest-to-date studied repeat
protein—the 590-residue-long PR65/A
protein, consisting of 15 HEAT repeats—
by using complementary theoretical and
experimental approaches. They use
several biophysical techniques (namely,
steady-state and kinetic fluorescence,
and circular dichroism), which, combined
with mutations at specific sites of the
repeats and several deletion mutants of
the 15 repeats, allow dissection of theStructure 21, November 5, 2013 ªfolding route of such huge protein. They
show, in the simplest possible explana-
tion, that the folding occurs through four
intermediates (Figure 1), where only two
regions (HEAT repeats 1–2 and 11–13)
at both termini of PR65/A appear well
folded. The authors are also able to
detect some of these intermediates in
the equilibrium experiments. Moreover,
the simulations carried out by using
two different methods—a Go-like model,
with a homogeneous contact potential,
and a model with a heterogeneous
native structure-based potential, which
takes into account short- and medium-
range interactions—also suggest that
the largest number of native contacts
during folding occur at repeats 1, 11–12,
and half of repeat 13. Therefore, the
native-like topology defines the folding
funnel of PR65/A, and the highly frus-
trated regions are located at the center
of the protein, giving rise to the long-lived
folding intermediate detected in equilib-
rium folding experiments. It seems that
the one-dimensionality of PR65/A makes
the effect of local (centrally localized)
frustration much greater than in a three-
dimensional globular protein in agree-
ment with the capillarity model, which
compares the folding route of a protein
to a freeway where traffic jams (interme-
diates) can occur (Ferreiro and Wolynes,
2008).
There are several consequences of the
tour-de-force study of Tsytlonok et al.
(2013). First, it confirms the multiplicity of
folding routes in tandem-repeat proteins.
Second, the manuscript points to the
malleability of such proteins, which is
used as an advantage for the authors to
delineate the different unfolding kinetic2013 Elsevier Ltd All rights reserved 1905
Figure 1. Folding of PR65/A Protein
As suggested by the capillarity model (Ferreiro and Wolynes, 2008), the folding of PR65/A can be consid-
ered one-dimensional. In such amodel, the folding pathway is similar to the route through a freeway, where
some of the repeat units (the fifteen cars) appear to be well folded (the green, running cars) and others
appear to be unfolded by different reasons (the crashed and old fashioned cars). Unfolding of some of
the repeat units can be due to topological reasons (crashed cars) or, for instance, a large number of
non-native contacts (the old fashioned cars). The different reasons causing the unfolding of some repeats
is not exactly known, and they can vary with time (and therefore, the amount of crashed and old fashioned
cars through the unfolded or partially folded polypeptide chain). The different intermediate species de-
tected during the folding of PR65/A (Tsytlonok et al., 2013) are shown in this simplistic way. The proposed
folding mechanism among the different species, as discussed in the manuscript, is shown at the bottom.
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Third, the findings in the manuscript sug-
gest a heterogeneous distribution of sta-
bility across the repeat array in a protein
that unfolds noncooperatively; previous
results in LRR suggested heterogeneity
in an otherwise cooperatively folded pro-
tein (Kloss and Barrick, 2009). As a conse-
quence, the intermediates show a non-
uniform stability distribution, with regions
close to both termini of the repeat protein
being more stable than the rest. Fourth,
the studies on PR65/A suggest that
folding in repeat proteins does not always
follow a polarized mechanism. Perhaps
the absence of a polarized mechanism is
due to the large influence of non-native
contacts in the unfolded regions. Alterna-
tively, such an absence could be due to
other topological information present in
the folding of 1–2 and 11–13 repeats,
involving the presence of not only a large
number of native contacts, as suggested
by the simulations, but also non-native
contacts involving long-distance residues
(R12, as described in the potential used).
Thus, it would be necessary to discuss1906 Structure 21, November 5, 2013 ª2013and investigate in detail the influence
of frustration and topology at those
particular regions (Figure 1) and also the
presence of non-native interactions (the
Go-models assume that only native-like
contacts are kinetically relevant; Takada,
1999). Fifth, some repeats of PR65/A act
as caps of the neighbor ones (thus, pin-
pointing the heterogeneity in stability), as
it had been previously suggested in LRR
(Kloss and Barrick, 2009). And finally, it
is interesting to note that the results
on PR65/A highlight that the proposed
folding route is mirrored, to some extent,
when forces are used to unfold the
protein. Force causes a ‘‘fracturing’’ of
PR65/A structure at repeats 6–7 and 9–
10 (Grinthal et al., 2010).
However, as is often thecase in science,
thenewquestionsoutnumber the answers
and conclusions presented. For example,
the manuscript raises an intriguing ques-
tion: is the low stability of those central
repeats (‘‘frustrated regions’’) and their
disordered nature in the intermediates
functionally relevant? In the X-ray struc-
ture, those repeats appear well-foldedElsevier Ltd All rights reserved(Figure 1 of Tsytlonok et al., 2013), but
folding in the crystal does not imply a
well-folded structure in solution, as some
mutations suggest (Tsytlonok et al.,
2013) and has been described in recent
studies of other proteins (Spı´nola-Amilibia
et al., 2013). Studies on the stability and
mobility of the isolated, central tandem
repeats, and mutational binding studies
with natural partners of PR65/A remain
to be carried out to address this issue.
Additionally, to establish whether the
described behavior is generally found in
other repeat proteins, it will be necessary
to describe the folding routes of other pro-
teins where the folding landscape is domi-
nated by the topology and length of the
polypeptide chain. If other examples are
found, the importance of non-native inter-
actions during the different parallel folding
routes and in the structure of possible
intermediates will need to be described
and highlighted. In this sense, we wonder
whether other repeat proteins, where the
dominant structure is b sheet, follow a
similar folding behavior to that of PR65/A.
Finally, hydrogen exchange measure-
ments have provided valuable information
in describing the ‘‘energetic’’ ladder of the
folding intermediates of some proteins
at equilibrium (Englander et al., 2007); it
would be very interesting to see whether
hydrogen exchange further supports the
proposed folding mechanism in PR65/A
(Figure 1). In addition, given the mallea-
bility of PR65/A, it could be possible to
accumulate some of those intermediates
at equilibrium by using selectedmutations
at some repeats or deletion mutants of
chosen repeats.
So far, we have only scratched the sur-
face of the repeat proteins’ folding, and
we have started to use some of the con-
clusions obtained in designing new pro-
teins with an improved function (Javadi
and Itzhaki, 2013). We are eager to see
if the freeway of their study holds clear,
unclouded, unjammed, and promising as
it looks now.REFERENCES
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FcRn, resembling a major histocompatibility complex class I molecule with a closed peptide cleft, is an
intracellular molecule that binds endocytosed albumin and IgG by a pH-dependent mechanism, diverting
them from degradative fates and moving them out of the cell. The turnover of both of these important plasma
proteins is thus regulated, as discussed by Schmidt and colleagues in this issue of Structure.Had FcRn not risen over the course of
evolution, we would need a liver half again
as large and an immune system two and
one-half times its current size. This is a
fatuous but graphic way of describing
what we have learned from kinetic molec-
ular modeling. We found that FcRn,
situated in the membrane of acidic endo-
somes of many cells, salvages from
constitutive intracellular degradation half
the amount of albumin as is made each
day by the liver and one and one-half
times the amount of IgG produced each
day by the immune system. Figure 1 sche-
matically shows whole-body turnover
rates for IgG and albumin in grams per
day for a 70 kg human, using data derived
from published turnover studies in hypo-
albuminemic, hypogammaglobulinemic,
FcRn-deficient, and normal subjects.
Conclusions are similar in the mouse. In
short, the concentrations of the two major
proteins of plasma, albumin and IgG, are
both maintained, remarkably, by a single
molecule, FcRn, that diverts them from
an intracellular degradative fate.
Only by fits and starts has FcRn
become known to us. It was first imagined
in the 1940s by Rogers Brambell, whowas asking how IgG moved across the
yolk sac from maternal to fetal blood,
thus providing the newborn rabbit with
its mother’s full complement of protective
IgG antibody. He found that all blood
proteins entered the endoderm trans-
porter cell, but only IgG came out. A
similar transport system across the
neonatal small intestine of rats and mice
provided the neonate with its mother’s
antibody-mediated immunity. The work
of others at the time, who were studying
the metabolism of serum proteins,
showed that the fractions of circulating
IgG and albumin catabolized per unit
time were related directly to their plasma
concentrations, whereas all other proteins
showed an indirect relationship or no rela-
tionship. Unifying these sets of data on
transport and catabolism for IgG (but
curiously ignoring albumin), Brambell pro-
posed a single model in which an intracel-
lular receptor (now FcRn) intercepted IgG
after its nonspecific pinocytosis and
moved it specifically out of the cell, trans-
porting it toward the offspring or salvaging
it from degradation (Brambell et al., 1964).
It remained for others to propose another
albumin-specific receptor that workedjust like the Brambell receptor (Schultze
and Heremans, 1966).
The IgG-transporting receptor was
purified from neonatal rat gut by affinity
to immobilized IgG at low pH (Simister
and Rees, 1985), the acid dependency
of receptor binding having been stumbled
upon earlier by a systematic biochemical
evaluation (Jones and Waldmann, 1972).
It was promptly characterized as a major
histocompatibility complex class I-like
molecule and named FcRn, from Fc
Receptor from neonatal rat gut. A series
of careful biochemical studies ensued,
attributing the high affinity at low pH and
the nil affinity at physiologic pH to critical
histidine residues. Ultimately, the co-
crystal structure of the truncated soluble
FcRn with the Fc piece of IgG was
analyzed, appearing on the cover of
Nature in 1994 (Burmeister et al., 1994).
Avoiding the closed peptide cleft, the
ligand sat on the shoulder of the receptor
interacting with both chains of the hetero-
dimer. The receptor likely functioned as a
dimer, with each unit binding an IgG
heavy chain.
Although Brambell’s unification model
indicated that the transporter FcRn would2013 Elsevier Ltd All rights reserved 1907
